Observations of E region backscatter by the Iceland East SuperDARN HF radar from the 30 minute period 2330 to 2400 UT on 13 September 1999 are presented, along with simultaneous observations of auroral luminosity from two all-sky cameras. Interferometric techniques are employed to estimate the altitude of origin of each echo observed by the radar. Under investigation is a region of backscatter which is L-shell aligned and exists in a region of low auroral luminosity bounded to the north and the south by two auroral arcs. The spectral characteristics of the backscatter fall into three main populations: broad, low Doppler shift spectra; narrow, high Doppler shift spectra; and exceptionally narrow, low Doppler shift spectra. The first two populations are similar to type II and type I spectra observed with VHF radars, respectively. These populations scatter from near the peak of the E region. The high Doppler shift population appears to exist in a region of sub-critical electric field. The third population originates below the E region peak at altitudes between 80 and 100 km. We argue that a non-coherent scattering process is responsible for this backscatter.
Introduction
The SuperDARN (Super Dual Auroral Radar Network) HF radars (Greenwald et al., 1995) employ coherent backscatter from F region ionospheric irregularities as a diagnostic of the bulk plasma motion of the ionosphere under the influence of the convection electric field. Backscatter from the E region is also routinely observed, though as the phase velocity of the E region irregularities is not, in general, directly related to the applied electric field, such backscatter cannot give a reliable measure of ionospheric convection. This backscatter does, however, allow the study of the plasma instability
Correspondence to: S. Milan (Steve.Milan@ion.le.ac.uk) mechanisms at work in the lower ionosphere. Most previous work in this field has been conducted using VHF radars operating at frequencies between 50-150 MHz, which probe irregularities in the 1-3 m wavelength range (see review by Haldoupis, 1989 , and references therein). The SuperDARN radars are frequency-agile between 8-20 MHz and hence can achieve backscatter from irregularities with wavelengths between 7.5-18.75 m. Theoretical work has suggested that E region instability mechanisms display a significant k-dependence (e.g. St.-Maurice et al., 1994) , and hence this ability to extend the wavelength regime under investigation is of great importance. Indeed, observationally, Villain et al. (1987 Villain et al. ( , 1990 , Hanuise et al. (1991) , Milan and Lester (1998) and especially Lester (1999, 2001 ) have demonstrated that a wide variety of spectral classes exist in SuperDARN HF radar backscatter from the auroral E region. The aim of the present paper is to extend these studies by determining the altitude dependence of E region backscatter characteristics, and to study the relationship between the radar backscatter and optical auroral forms.
The radar measurements from the present study were made by the Iceland East SuperDARN radar located at Þykkvibaer (63.77 • N, 339.46 • E), shown in Fig. 1 . The radar sounds along sixteen different beam directions, separated by 3.24 • in azimuth, with the radar boresite pointing at a azimuth of 30 • east of north. SuperDARN radar returns are gated into 75 range bins, usually of 45 km in length, with a range of 180 km to the first gate, giving a maximum range of 3555 km. However, E region backscatter can only be unambiguously identified in the near ranges of the radar field-of-view, and hence the "myopic" radar scan mode, designed specifically for studying E region echoes, reduces the length of the 75 range gates to 15 km each, thus increasing the spatial resolution in the "usable" portion of the field-of-view. The maximum range of this mode is 1305 km. The extent of this reduced field-of-view is illustrated in Fig. 1 , along with the locations of range gates 0, 15, 30 etc. In the present study, the 16 beams are scanned clockwise from beam 0 to beam 15 with a dwell time of 3 s each; a full scan of the field-of- view is completed every 49 to 50 s. All radar times quoted are at the start time of each scan. The radar is operating at a frequency of 10.5 MHz, corresponding to a wavelength λ ≈ 28.6 m. Bragg scatter is then observed from irregularities with a wavelength of 14.3 m. In each radar cell, the spectral characteristics of the backscatter, power, mean Doppler shift and spectral width are determined directly from a 17-lag complex auto-correlation function: the spectral width is a measure of the decorrelation time of the ACF, while the velocity is obtained from the rate of change of phase with lag; the reader is directed to Hanuise et al. (1993) for a full description of the ACF analysis technique.
Backscatter from field-aligned irregularities, i.e. Bragg scatter through an angle of 180 • , can only be observed where the radar wave-vector is perpendicular to the local magnetic field, known as the orthogonality condition. At VHF frequencies, where the radar beam is not significantly refracted by the ionosphere, and also at auroral latitudes, the orthogonality condition can be achieved only near the peak of the E region over a relatively narrow latitudinal range, and only with a poleward-directed radar looking close to the horizon. HF radars, on the other hand, exploit the refractive nature of high frequency radio-wave propagation in the ionosphere to achieve orthogonality over a range of altitudes both in the E and F regions (see, for instance, Milan et al., 1997a) . The altitude from which backscatter originates can be estimated from a knowledge of the range to the backscatter volume, and a measurement of the elevation angle of the radar returns, determined using the interferometric technique described by Milan et al. (1997b) . Without a detailed knowledge of the electron density profile, straight-line propagation must be assumed. The elevation angle , radar slant range r, and the altitude of the scatter volume h are then related by
where R E is the radius of the Earth. Simple ray-tracing suggests that this straight-line propagation assumption is reliable for the determination of altitude in both the lower ionosphere and at short ranges, and thus leads to a small (∼10-20 km) over-estimate of the true altitude for returns from the peak and upper-E region. However, individual altitude estimates are susceptible to fairly large errors under a variety of conditions, for instance if a given range gate contains backscatter from a range of altitudes or even two discrete altitudes. For this reason, we will, in general, employ ensemble estimates of altitude for any particular population of backscatter echoes. Two all-sky cameras (ASC) are also employed in the study, located at Husafell (64.67 • N, 338.97 • E) and Tjörnes (66.20 • N, 342.90 • E), Iceland (see Fig. 1 ). As discussed at length in our previous study of the relationship between radar and optical auroral forms, Milan et al. (2000) , a fundamental limitation of ground-based observations of the aurora is the ambiguity in determining the location of an optical feature without a detailed knowledge of the altitude profile of the emission intensity. Only auroral features situated directly over the observing site can be located with certainty. Our previous study employed only the Husafell camera, which is located outside the Iceland East radar field-of-view, and hence suffered from this inherent uncertainty in comparing the locations of optical and radar aurora. This limitation is somewhat mitigated in the present study by the inclusion of the Tjörnes camera, which is located directly underneath the field-of-view of the radar.
Observations
We present radar and all-sky camera obervations of the aurora from the 30 minute period 2330 to 2400 UT on 13 September 1999, when the near-range radar field-of-view is located near 00 magnetic local time. Figure 1 shows the lineof-sight velocity (Doppler shift) of radar backscatter observed during the scan starting at 2336.17 UT, near the beginning of the interval of interest. Positive line-of-sight velocities correspond to irregularity phase motion towards the radar. Several backscatter features are observed, but only those at the nearest ranges, marked A and B, are of interest to the present study. Interferometric measurements indicate, as will be demonstrated below, that these backscatter features originate from near E region altitudes. These backscatter regions are roughly L-shell aligned, a characteristic feature of E region backscatter (Villain et al., 1987 (Villain et al., , 1990 Lester, 1998, 2001) , and hence, progress from low ranges in beam 0, the western-most beam, to higher ranges in more eastern beams. The spectral characteristics of these regions of backscatter will be discussed in more detail below. Figure 2 presents false-colour images from the Tjörnes and Husafell all-sky cameras. Black and red represent minimum and maximum intensity, respectively. The horizontal feature at the top of each of the Tjörnes images is an artefact of the data processing. Superimposed on these images is the location of the radar field-of-view, assuming that the altitude of peak optical emission is 110 km. In addition, to aid comparison of the images from the two cameras, the location of the zenith of the Husafell camera is indicated in the fieldof-view of the Tjörnes' field-of-view and vice versa, again assuming an emission altitude of 110 km. At approximately 2340 UT (panels a and b), an east-west aligned auroral arc was observed to the north of both ASC sites; we will refer to this as arc 1. In addition, a very dim, east-west aligned auroral arc was present near the zenith of the Husafell camera and to the south of Tjörnes, which we will refer to as arc 2. By 2342 UT, arc 1 was becoming dimmer and arc 2 was brightening (panels c and d). Arc 2 subsequently reached a maximum in brightness, dominating the auroral images, and moved slightly to the southwest of Husafell (panels e and f). By 2346 UT (panels g and h), arc 2 had dimmed once again and the intensity of arc 1 had become very low indeed. For the next 15 or so minutes, this auroral configuration remained more or less static, except that towards the end of the interval, the poleward portion of arc 2 expanded across the near ranges of the radar field-of-view (panels i and j). Although not apparent in the snapshots presented in Fig. 2 , by this time arc 2 was pulsating. Irregular patches within the aurora vary quasi-periodically in intensity, with periods of the order of several seconds. Figure 3 illustrates line-of-sight velocity from two radar scans starting 2336.17 UT (presented in Fig. 1 ) and 2342.13 UT, superimposed onto the Tjörnes ASC field-of-view, assuming an optical emission altitude of 110 km. In the first scan (panel a), backscatter features A and B are identified. Feature A is observed close to the location of arc 1 (cf. Fig.  2b ) and the equatorward edge of feature B is near the location at which arc 2 subsequently brightens (cf. Fig. 2d and f). In the second scan shown (Fig. 3b) , backscatter region A is no longer observed. However, the poleward edge of feature B has extended poleward to near the location of arc 1. In other words, by 2343 UT a region of E region radar backscatter extends between the locations of optical arcs 1 and 2, as observed by the Tjörnes all-sky camera. The backscatter feature occurs in a region in which no optical luminosity is observed, but appears bounded by the locations of two optical features, which vary considerably in luminosity with time.
The time-evolution of the radar backscatter is illustrated in Figs. 4 and 5; radar measurements from six times during the interval of interest is presented. Four parameters are shown: backscatter power, line-of-sight velocity, spectral width, and the estimated altitude of origin of the backscatter. The radar field-of-view is represented in a rectilinear format, beam versus range gate (only the first 60 range gates are shown), in a manner similar to that of Lester (1998, 2001 ). The first two scans, 2336.17 and 2342.13 UT, correspond to panels a and b of Fig. 3 . Features A and B are identified by arrows in Fig. 4b , though most of the rest of the discussion relating to this backscatter will concentrate on feature B. Throughout most of the interval, this is an L-shell-aligned region of backscatter, some 200-300 km or 2-3 • in latitudinal width. Of most interest to this study is the relationship between Doppler shift, spectral width, and the altitude of origin of the backscatter. First, we will discuss the line-of-sight velocity measurements in detail.
Beam 0 points roughly perpendicular to the L-shell-aligned feature, while beam 15 points roughly parallel to it (see Fig.  1 ), the radar field-of-view sweeping out approximately 52 • of azimuth. If the direction of motion and phase speed of the irregularities from which the radar scatters are constant along the backscatter feature, then a smooth variation in line-ofsight Doppler shift ν los is expected across the field-of-view. In such a situation, the relationship between ν los and the angle the radar beam makes to the local L-shell, φ, is
where ν mag is the phase speed and φ 0 is the direction of irregularity drift relative to the L-shell; ν los is made negative here as, by convention, SuperDARN velocities are positive towards the radars. Villain et al. (1987 Villain et al. ( , 1990 and Milan and Lester (2001) demonstrated that some E region backscatter does indeed obey this relationship, and it appears to hold true in panels b, f, and j of 
ESE), respectively. In the two subsequent panels, 2353.13 and 2357.27 UT ( Fig. 6e-f) , only a single main flow component is observed in which the phase speed halves, and the direction of phase motion rotates towards the east. Superimposed on this background flow is a small region of higher Doppler shifts, near −300 to −500 m s −1 ; see Fig.  5b , f, and j, and the high (negative) ν los population in Fig.  6d -f. This situation is reminiscent of the studies of Villain et al. (1987 Villain et al. ( , 1990 and Lester (1999, 2001) in which high Doppler shift backscatter was superimposed on a background of lower flow. Villain et al. interpreted the slow background as gradient drift waves, with a phase speed equal to the line-of-sight component of the ionospheric electron drift, i.e. the line-of-sight component of the E × B/B 2 drift imposed by the magnetospheric convection electric field E. The higher Doppler shift returns were interpreted as either backscatter from ion-acoustic (generated by the twostream or Farley-Buneman instability) or electrostatic ion cyclotron waves, present in regions of sub-critical electric field (E/B < C S , where C S ≈ 400 m s −1 is the local ion acoustic speed), but excited by vertically-moving electrons. We will return to this discussion later.
Looking to the earlier part of the interval, the same general situation can be observed at 2336.17 UT (see Figs. 4b and 6a): a low velocity background flow component (ν mag ≈ 100 m s −1 , φ 0 ≈ 225 • or SW, but with a large uncertainty in the direction) and superimposed higher Doppler shift population with ν los between −300 and −500 m s −1 . There is also an additional high Doppler shift population with ν los ≈ 400 m s −1 in Fig. 6a , corresponding to backscatter feature A. By 2342.13 UT (Fig. 4f and Fig. 6b ), feature A is no longer observed. More significantly, the high Doppler shift population dominates the backscatter in feature B, and too little of the low flow component is observed to allow a reliable fit to determine ν mag and φ 0 . A similar situation is seen at 2345.36 UT (Fig. 4j and Fig. 6c ), but here, the low flow component is no longer obscured to the same degree as previously seen, and we are able to estimate ν mag ≈ 150 m s −1 and φ 0 ≈ 270 • or southwards (though again with a high uncertainty in the direction). Interestingly, in these two scans, a sufficient number of points from the high Doppler shift population are present to suggest that these spectra also display a cosine-dependence in their line-of-sight phase speed. Dashed curves in Fig. 6b and c indicate fits to this population of ν mag ≈ 600 m s −1 , φ 0 ≈ 65 • (NNW) at 2342.13 UT and ν mag ≈ 500 m s −1 , φ 0 ≈ 55 • (NW) at 2345.36 UT. It is also interesting to note that this high Doppler shift population tends to occur in the middle and to the right of the field-ofview of the radar (especially in Fig. 4b , f, and j, but also in Fig. 5b , f, and j), i.e. in zonally-rather than meridionallypointing beams.
To summarize the Doppler shift measurements from backscatter feature B, two distinct Doppler shift populations exist: a low velocity component in which |ν los | < 250 m s −1 , and superimposed on top of this, a high velocity component in which |ν los | > 250 m s −1 . The former can be interpreted as gradient drift waves with line-of-sight velocities which are representative of the background E × B drift, which rotates from SW at 2336 UT through S to E at 2357 UT, with a magnitude between 100 and 250 m s −1 . We note for future reference that the Doppler shifts associated with this low velocity component are predominantly positive at the start of the interval (prior to 2345 UT), but with the rotation in flow become predominantly negative towards the end of the interval (after 2350 UT), as seen in Fig. 6 , for instance. The high velocity population appears to be superimposed on this background low-flow component (especially seen in Fig. 5 ) and is thought to be characteristic of another instability mechanism operating in this region of sub-critical electric field. This population also appears to obey a cosine-dependence with a magnitude close to 600 m s −1 , and the direction pointing NNW at an angle of approximately 135 • to the simultaneous direction of flow in the low velocity component. There is a relatively large spread in the Doppler shifts observed in this population, i.e. the cosine-dependence is perhaps not as well defined as in the low-flow component. We note, however, that this cosine-dependence is characteristic of high Doppler shift E region echoes observed by HF radars (Milan Having described the Doppler shift characteristics of the backscatter, we now turn our attention to the spectral width, ν, measurements. Examination of Fig. 4c , g, and k, and Fig. 5c indicates that a high level of variability exists in the spectral width measurements. However, it is clear that at the start of the interval (until 2349.50 UT), the low Doppler shift population is characterised by a broad distribution of high spectral widths, in general between 150 and 500 m s −1 , and the high Doppler shift population is characterised by lower spectral widths, between 50 and 200 m s −1 . This is illustrated again in Fig. 7 , an occurrence plot of spectral width against velocity for all radar returns observed in backscatter features A and B, between 2330 and 2400 UT. The high Doppler shift population is mainly characterised by −500 < ν los < −350 m s −1 and 50 < ν < 200 m s −1 . The low Doppler shift population from the start of the interval, which as mentioned above has mainly positive Doppler shifts, is characterised by 0 < ν los < 150 m s −1 and 100 < ν < 400 m s −1 . However, at the end of the interval shown, 2353.13 and 2357.27 UT ( Fig. 5g and k) , the low Doppler shift spectra become much narrower; indeed, this can be seen again in Fig. 7 , which shows that most low and negative Doppler shift spectra (those from near the end of the interval) have 0 < ν < 150 m s −1 . In fact, as will be seen below, a large proportion of these spectra have ν < 25 m s −1 .
The last parameter on which we will concentrate is the estimated altitude from which backscatter is observed (Figs. 4 and 5; panels d, h, and l). As with the spectral width measurements previously discussed, a significant amount of variability is present in the observations. However, most backscatter from the start of the interval is found to originate between altitudes of 110 and 120 km. There is some suggestion that high Doppler shift spectra are scattered from slightly higher altitudes, 120 to 140 km (seen most obviously by comparing Fig. 5b and d, and Fig. 5f and h) . A dramatic decrease in the modal altitude of scatter occurs towards the end of the interval (see Fig. 5h and l), with most scatter originating at heights between 80 and 100 km. This corresponds to the period when the spectral widths of the low Doppler shift population decrease dramatically also, as discussed above. The overall altitude, spectral width, and Doppler shift characteristics of the backscatter are summarised in Fig. 8 . Here, the occurrence distributions of width and velocity, as a function of altitude, are presented for the same interval as Fig.  7 . Three main populations are observed in the figure. In the first, low positive Doppler shifts maximise in occurrence between 110 and 120 km altitude (see Fig. 8b) ; this is the low Doppler shift population from near the start of the interval. The second population, high Doppler shift spectra, although somewhat spread in altitude, maximise in occurrence near 120 to 130 km. These two populations overlap in the widthaltitude distribution (Fig. 8a ), but we know from Fig. 7 that high Doppler shifts are associated with lower spectral widths and vice versa. The third population, low negative Doppler shifts from near the end of the interval, occur mainly between altitudes of 80 and 100 km, and are indeed largely associated with very low spectral widths, ν < 25 m s −1 . The inset panel of Fig. 8a concentrates on this low altitude, low spectral width population (note that the colour scale is expanded here), within which one observes a general increase in spectral width from 0-10 m s −1 at 80 km to 20-25 m s −1 at 100 km. Figure 8c shows the overall altitude occurrence distribution of the backscatter. It is clear that most backscatter originates near an altitude of 120 km, but that a significant population exists below this point.
In a last note, it is interesting to investigate the spectral shapes associated with the different backscatter populations identified above. Figure 9 contains four representative spectra indicating the typical shapes from: a) the low Doppler shift, high spectral width population from near the start of the interval (2345.36 UT, beam 6, gate 6); b) the low Doppler shift, low spectral width population from near the end of the interval (2357.27 UT, beam 4, gate 9); c) the high Doppler shift, low spectral width population (2345.36 UT, beam 11, gate 19); d) a high Doppler shift component superimposed on the low Doppler shift population (2349.50 UT, beam 12, gate 16). The beams and range gates from which these spectra are taken are indicated in Figs. 4 and 5. We draw attention to the similarity between spectra a) and c) and type II gradient drift returns and type I ion-acoustic returns observed by VHF radars, respectively (see Haldoupis, 1989) . Analysis of the ACF associated with the spectrum in Fig. 9b gives a spectral width of only 4 m s −1 , exceptionally narrow for HF radar backscatter. As will be discussed below, only backscatter from meteor trails has similarly narrow spectra. In general, large regions of high Doppler shift spectra, such as observed at 2342.13 and 2345.36 UT, are single component (see Fig. 9c ), whereas smaller regions, such as observed at 2349.50 and 2353.13 UT, are double component (see Fig.  9d ). Of course, the double-or single-peak appearance of the spectra ultimately depends on the backscatter power in each component; if the backscatter cross-section of the high phase speed waves is much greater than that of the low phase speed waves, only a high Doppler shift component will be apparent in the spectrum.
Discussion
An L-shell-aligned region of backscatter originating in the lower E-to lower F-region (80-150 km) is investigated. The L-shell-aligned nature of this feature is characteristic of E region backscatter observed previously by Villain et al. (1987 Villain et al. ( , 1990 and Lester (1998, 2001 ). The backscatter region appears bounded at its poleward and equatorward edges by optical auroral arcs, though these change significantly in intensity throughout the interval. At the start of the interval, the poleward arc is most luminous, but this situation is reversed by the end of the interval. The backscatter itself is associated with a region of no optical luminosity. If the arcs represent sheets of upward field-aligned current, carried by precipitating electrons, then it might be expected that the region in between, co-located with the backscatter, is associated with return downward field-aligned current, carried by up-welling thermal electrons. The observed rotation in the direction of flow from predominantly westwards to predominantly eastwards throughout the interval is perhaps associated with the change in relative luminosity of the two auroral arcs and hence the variation in the field-aligned current structure in the vicinity of the backscatter region. At the start of the interval, the arc (and presumably the associated upward field-aligned current) poleward of the downward field-aligned current region is most intense, and the Pedersen closure current and horizontal electric field will be directed northwards. The corresponding Hall current will be directed eastwards and the electron flow (in the E × B direction) will be westwards. At the end of the interval, the equatorward arc is most intense, and the electron flow is expected to be directed eastwards.
Within the backscatter region, three main spectral populations are observed. The first comprises broad, low Doppler shift spectra, 0 < ν los < 150 m s −1 and 100 < ν < 400 m s −1 , which originate in the main between altitudes of 110 and 120 km. The second comprises narrower, high Doppler shift spectra, −500 < ν los < −350 m s −1 and 50 < ν < 200 m s −1 ; these spectra appear superimposed on the low Doppler shift population. As mentioned above, Villain et al. (1987 Villain et al. ( , 1990 ) interpreted similar observations of two such populations as gradient drift waves whose Doppler shifts are characteristic of the line-of-sight component of E × B/B 2 , and ion-acoustic or electrostatic ion cyclotron (EIC) waves with phase velocities greater than E × B/B 2 , respectively. The latter are present in a region of sub-critical E, i.e. in a region of electric field that is below the threshold necessary for the growth of this instability, or in other words, E/B < C S , where C S ≈ 400 m s −1 is the local ion acoustic speed. However, Chaturvedi et al. (1987) predicted that such waves could be generated if significant field-parallel electron drifts (field-aligned currents) were present. Villain et al. identified the particle population responsible for the generation of these waves as up-welling thermal electrons. In the present study, this link with up-welling electrons is consistent with the probable co-location of the backscatter with a region of downward field-aligned current. Villain et al. also suggested that such waves should form in the upper-E region, which is also consistent with the presently observed preponderance of such waves at altitudes between 120 and 130 km. However, ion-acoustic or two-stream waves and EIC waves are predicted to have the dispersion relationships ω k = kC S and ω 2 k = 2 i + k 2 C 2 S , respectively, where ω k is the irregularity wave frequency, k is the wave number, and i is the ion gyrofrequency. The Doppler shift of such waves, ν los = ω k /k, should then be independent of the look-direction of the radar, i.e. independent of L-shell angle φ. This is not the case in the present observations, as demonstrated in Fig. 6 , in which the high Doppler shift population appears to obey a cosine-dependence on the radar look-direction, though different from that of the low Doppler shift population. Such a cosine-dependence is characteristic of high Doppler shift spectra, described as "population iii" by Lester (1999, 2001) , though the reason for this is not yet known. As a final point of interest regarding the high Doppler shift population, we note the similarity between the spectrum presented in Fig. 9d and those found to be associated with discrete auroral arcs by . There, again, a high Doppler shift component was superimposed on a preexisting low-flow background. Milan et al. offered two alternative mechanisms by which the subsidiary high Doppler shift peak could be observed. In the first, the subsidiary peak corresponded to the small-scale but intense electric field associated with the arc electrodynamics; the high electric field region was presumed to be small relative to a standard 45 km range gate and hence, low and high Doppler components coexisted within a single radar cell. In the second, the proximity of the high Doppler shift peak to the E region ionacoustic speed was suggestive of the operation of the twostream or ion cyclotron instability in the presence of, or adjacent to, regions of precipitation, as suggested by Villain et al. (1987 Villain et al. ( , 1990 . The present observations indicate that the high Doppler shift region can extend over large areas, incorporating many range cells, and as such, is more likely to be produced by the second mechanism. We note in passing that the spectra of backscatter feature A, which is closely associated with auroral arc 1, are narrow with (in this case, positive) Doppler shifts near C S , again similar to the observations of .
In the first portion of the interval under study, a very sharp demarcation is observed between echoes with very different Doppler shifts, especially in Fig. 4j . Such a sharp demarcation between echo characteristics has previously been reported by Milan et al. (2001) , who termed the near-range echoes "population v". It is interesting to note that there is no evidence in the optical observations to suggest that this boundary is co-located with any change in auroral luminosity, and hence we can surmise, changes in the arc electrodynamics or the E region electron density. We suggest that this boundary separates two regions of the radar field-of-view in which the radar is most sensitive to irregularities formed by different instability mechanisms perhaps occurring at different altitudes. This argument is similar to the ideas of coherent radar signal formation in the E region proposed by Uspensky (1985) and Uspensky and Williams (1988) .
Towards the end of the interval, there is a marked decrease in the width of the low Doppler shift spectra and a decrease in the altitude from which this backscatter originates. This low altitude, low spectral width, low Doppler shift backscatter comprises the third spectral population. While there appears to be a general evolution from one low Doppler shift population to the other, these two spectral populations can also co-exist. For instance, in Fig. 6d , two low Doppler shift regions are observed: one with a fitted flow azimuth of 295 • and the other 330 • . The altitude measurements from this time indicate that the latter region (the region with more negative Doppler shifts and lower ν mag ) originates from a lower altitude than the former. This low altitude population then continues to be observed in Fig. 6e and f. The transition to low spectral width, low altitude backscatter appears to be accompanied by auroral luminosity region 2 expanding polewards over the radar field-of-view; this auroral region is, by this time, pulsating. While most visible aurora have peak emission altitudes near 110 km, StenbaekNielsen and Hallinan (1979) employed stereographic camera observations to demonstrate that the emission intensity of pulsating aurora tends to peak in the lower E region, as low as 90 km altitude. Stenbaek-Nielsen and Hallinan also noted that the vertical extent of these aurora was much narrower than could be explained by collisional deposition of the energy of the precipitating electrons. They suggested instead that wave-particle interactions could be likely candidates for the efficient extraction of energy from the precipitating particles in the lower E region, producing attendant ionisation and luminosity. At these low altitudes, the ionospheric plasma is highly collisional, and it might be expected that the drift speed of the irregularities from which the radar is scattering is constrained to be close to the neutral wind speed, which, in general, is low. This would explain the low Doppler shifts observed at these low altitudes and also might contribute to lowering the spectral width of the backscatter echoes. However, the spectral widths associated with this low altitude backscatter are exceptionally narrow, with ν < 25 m s −1 , whereas ionospheric backscatter typically has spectral widths between many tens and many hundreds of m s −1 . We note that the spectra of backscatter from meteor trails, which are also observed in the 80-100 km altitude range, are also exceptionally narrow (Hall et al., 1997) . Meteor echoes are, in general, scatter from an underdense ionisation trail, and not Bragg scatter from periodic ionisation perturbations produced by ionospheric instability mechanisms. In meteor scatter, the spectral width of the return signals is governed by the diffusion decay time of the meteor trail electron density, and is not characteristic of the growth and decay time-constants of instability processes. As discussed by Hall et al., the spectral width of backscatter from such diffusion-dominated density structures is given by
where D is the diffusion coefficient and λ is the radar wavelength. D increases exponentially with altitude from near 0.7 m 2 s −1 at 80 km to 20.0 m 2 s −1 at 100 km, corresponding at a radar frequency near 10.5 MHz to spectral widths of 0 and 20 m s −1 , respectively. We have superimposed this prediction of ν, as a function of altitude, on the inset panel of Fig. 8a , and find good qualitative agreement with the observations. It is possible, then, that a similar non-coherent scattering process is taking place during the present interval at these low altitudes, i.e. that backscatter is observed from irregular density perturbations or blobs of plasma. These density perturbations would then diffuse in much the same manner as meteor trails and result in a very narrow backscatter spectrum. In this picture, these density blobs are produced by the sporadic precipitation associated with the pulsating aurora.
Summary
The spectral characteristics of HF coherent radar backscatter from the lower ionosphere are not, in general, directly related to the background electric field, but are dependent on the altitude of the scatter volume and are modified in the vicinity of electron precipitation. During the interval of study, backscatter from near the peak of the E region falls into two spectral classes: broad, low Doppler shift, and narrow, high Doppler shift spectra, similar to type II and type I spectra observed by VHF radars, respectively. The high Doppler shift spectra appear to be present in a region of sub-critical electric field, and hence it is postulated, following Villain et al. (1987 Villain et al. ( , 1990 , that free energy for the excitation of the two-stream or electrostatic ion cyclotron instabilities is available from thermal, up-welling electrons, in addition to that which is available in the horizontally-drifting electron population. Such up-welling electrons could be found in a region of downward field-aligned current, and this is consistent with the location of the backscatter feature between two auroral arcs. This high Doppler shift population appears superimposed on the low-flow component, though appears predominantly in zonally-pointing beams. A significant question remains, first identified by Milan and Lester (2001) : why do the flow angle dependencies of the Doppler shift of these two spectral populations appear consistent with irregularity drift in such radically different directions, even though these echoes appear to arise in the same location, though potentially at different altitudes? Unfortunately, the present observations do not provide a definitive answer to this question.
A third spectral population of exceptionally narrow, low Doppler shift spectra is observed to originate from below the E region peak, predominantly from the altitude range 80 to 100 km. These spectra are perhaps associated with pulsating auroral forms, which have been previously demonstrated to deposit most energy at altitudes near 90 km (StenbaekNielsen and Hallinan, 1979) . The spectral width of the backscatter argues for a non-coherent scattering process from density blobs generated in the lower ionosphere by the pulsating auroral form. The spectral width is then controlled by the diffusion timescale of these density perturbations, and is not characteristic of the growth and decay of instabilitygenerated irregularities.
Past studies of coherent HF radar backscatter from E region altitudes have suggested that a rich variety of spectral classes exist. It is possible that many of the differences between these observations and those conducted with VHF radars are a consequence of the broader altitude range over which backscatter can be detected with the HF radar technique. Clearly, more investigation of the relationship between the spectral characteristics and altitude of origin of backscatter is needed.
